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Abstract 
Efficient microbial production of fuels and chemicals from lignocellulosic 
feedstock requires intensive reprogramming of cellular machinery.  Given our 
limited knowledge of the complex biological systems, such tasks prove to be better 
fulfilled with directed evolution than with rational design, by performing iterative 
cycles of mutagenesis and selection.  However, the success of directed evolution is 
mostly confined to individual proteins, due to the lack of efficient tools to introduce 
mutations globally and iteratively on a genome scale.  Thanks to its simplicity and 
effectiveness, the pooled RNA interference (RNAi) screening should satisfy the 
requirement of directed genome evolution. 
The RNAi pathway is absent in Saccharomyces cerevisiae, also known as the 
baker’s yeast. Recently, functional RNAi machinery has been reconstituted in this 
eukaryotic model, upon the introduction of Dicer and Argonaute proteins from a 
related species Saccharomyces castellii.  We first explored the possibility of applying 
RNAi screening in S. cerevisiae.  The design of convergent promoters was adapted 
to drive the in vivo synthesis of double strand RNAs (dsRNA), which were further 
processed as small interference RNAs (siRNA) to mediate the knockdown of 
homologous genes.  A plasmid-based dsRNA library was constructed from 
enzymatically digested genomic DNA based on convergent-promoter design.  The 
library was confirmed to achieve a nearly complete (>99.75%) coverage of yeast 
genome, and was employed to perform a suppressor analysis of the yku70 knockout.  
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A colony-size based screening method was used to identify two known and three 
novel knockdown modifications that can alleviate the growth arrest of the Δyku70 
strain at higher temperature.  Further analysis confirmed that these genes are indeed 
the modulators of the Δyku70 phenotype. 
Encouraged by these results, we further developed an efficient, genome-scale and 
generally applicable method for eukaryotic reprogramming, RNAi-Assisted Genome 
Evolution (RAGE).  In each round of RAGE, one knockdown modification 
conferring desired trait was identified by RNAi screening.  The best knockdown 
cassette was integrated into the chromosome to create a new strain, serving as the 
parent strain for the next round of RAGE.  Repeated cycles of RAGE accumulated 
the beneficial genetic modifications in the host genome, and thus continuously 
improve the target properties.  As proof-of-concept, RAGE was applied to improve 
acetic acid (HAc) tolerance of S. cerevisiae.  After three rounds, the 100% growth 
inhibition concentration of HAc was elevated from 0.7% to 0.9% (v/v).  The best 
engineered strain exhibited a significantly improved fermentation performance than 
the wild type strain under HAc stress.  By combining the powerful toolboxes of 
RNAi and directed evolution, RAGE may greatly accelerate the design and evolution 
of organisms with desired traits and provide new insights on genome structure, 
function, and evolution. 
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Chapter 1. Introduction 
1.1. Overview of genome engineering 
Microbial production of fine and bulk chemicals, pharmaceuticals and fuels from 
renewable biomass resources promises to be a sustainable alternative to the 
petroleum-based chemical industry1 (Figure 1.1).  However, microbes are evolved to 
reproduce and survive in their native niche, and thus intensive reprogramming of the 
cellular machinery is needed to tailor the host cells to suit industrial applications2, 3.  
Numerous attempts have been made to overcome technical hurdles in the 
development of economically feasible processes based on microbial cell factories.  
For example, the cellulolytic capacity has been engineered into production hosts by 
secreting or surface-displaying cellulases/hemicellulases4, 5.  Engineered metabolic 
pathways have been introduced to enable the fermentation of non-glucose sugars 
derived from lignocellulosic feedstock6.  Novel biochemical transformations 
performed by heterologous pathways in either native or engineered forms can expand 
the scope of molecules that the microbes can synthesize.  Both non-native pathways 
and host metabolism have been modified to redirect the metabolic fluxes without 
compromising the general fitness, in order to maximize the fermentation productivity 
and yield6-10.  High levels of tolerance to the inhibitors in the lignocellulosic 
hydrolysate, the substrates and the final products as well as the harsh industrial 
environment (temperature, pH, osmotic pressure, etc.) are needed for robust 
production processes.   
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Though impressive progress has been made to engineer these industrially desired 
traits, the task of strain improvement remains challenging. This is because both our 
knowledge of complex biological systems and the tools to manipulate the cellular 
machinery are rather limited.  Within this context, the necessity of genome 
engineering is increasingly recognized11-16.  Genome engineering is defined by Carr 
and Church (2009) as “extensive and intentional genetic modification of a replicating 
system for a specific purpose.”15  It was argued that the effective engineering of the 
target phenotypes requires not only the modification of the local behavior, but also the 
reprogramming of the whole metabolic network.   
1.1.1. Strategies for genome engineering 
There are two approaches for genome engineering: the de novo design of new 
genomes, and the global modifications of existing genomes.  The landmark success 
of the first approach is the chemical synthesis of a complete microbial genome 
(Mycoplasma genitalium; 582, 970bp)17.  The decreasing cost of DNA synthesis and 
the advancement in DNA assembly strategies will facilitate the construction of even 
larger genomes.  However, our ability to design functional genomes as intended is 
far behind our DNA synthesis capacity.  Thus this strategy is limited to small 
bacterial genomes and is also too expensive and tedious for most genome engineering 
applications.  The latter approach based on the perturbation-and-observation strategy 
is more practical15.  Genome-wide libraries are powerful tools to comprehensively 
screen the impact of individual genetic modifications on a given phenotype.  For 
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example, the single perturbation can be introduced by the overexpression of a single 
open reading frame (ORF) or a whole operon on episomal plasmids18, the interruption 
of the encoding regions of non-essential genes19, 20, the destabilization of the 
messenger RNAs (mRNAs) of essential genes21, the insertion of synthetic DNA 
oligonucleotides to the upstream regions of the genes to modify the expression 
levels22, 23, and the introduction of RNA interference (RNAi) reagents for targeted 
gene silencing24.  For such libraries, systematic screening of mutant strains provides 
invaluable insights about genotype-phenotype relationships.   
Besides the single genetic perturbations, combinatorial diversity at the global level 
can be created, especially for those complex phenotypes determined by the concerted 
actions of multiple genes11, 16.  Several approaches have been developed to introduce 
multiplex diversity on a genome scale.  Double-mutant libraries have been 
constructed in model organisms such as E. coli25 and S. cerevisiae26, by mating or 
conjugation the query strain with the complete collection of mutant strains in an 
arrayed manner.  An impressive example was the depiction of a genome-scale 
digenic interaction network in S. cerevisiae, by examining 5.4 million gene-gene pairs 
in a double-mutant library27.  For mammalian systems that lack complete 
single-deletion collections, RNAi screening can be performed in query mutant strains 
to partially map the genetic interactions24.  By introducing double-stranded 
(ds)RNAs that can down-regulate ~1,750 genes in 31 query strains, ~65,000 pairwise 
combinations were tested in Caenorhabditis elegans28.   
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Global perturbations can also be achieved by targeting the 
transcriptional/translational machinery which affect hundreds of genes 
simultaneously16.  Such large-scale perturbations to the transcriptomes can be 
achieved by the introduction of artificial or modified regulators such as artificial 
transcriptional factors (ATFs)29, 30 and global transcription machinery engineering 
(gTME)31, 32.  However, the set of genes that can be modified is confined by the 
DNA-binding specificity of these regulators.  Only the genes whose upstream 
sequences contain the same or similar binding sites by the chosen regulator can be 
affected.  To overcome this limitation, co-expression of the engineered regulators has 
been applied to expand the scope of target genes.  For example, three ATFs that 
conferred 10 to 100-fold ketoconazole resistance in S cerevisiae separately, can lead 
to ~1,000-fold enhancement when co-expressed in pairs30.   
While the above strategies focus on the identification of relevant genes on a given 
trait, the Multiplex Automated Genome Engineering (MAGE) method has been 
designed to assay the combinatorial diversity among the selected targets23, 33 (Figure 
1.2).  By recursively introducing synthetic DNA oligonucleotides to alter the 
ribosomal binding sites (RBSs), the expression levels of 24 genes relevant to lycopene 
production was optimized simultaneously.  Mutant strains with 5-fold increase in 
lycopene production have been isolated from an evolving E. coli population.   
Taken together, significant progress has been made to create global diversity on a 
genome scale, in terms of both breadth (every gene) and depth (the interactions 
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between genes).  We foresee that the next quantum-leap step in the genome 
engineering will derive from the combination of these powerful strategies to further 
push the limits of both scale and precision for genome manipulation.  
1.2. RNA interference 
Since its discovery in Caenorhabditis elegans in 199834, RNA interference (RNAi) 
has literally “heralded a revolution” in biotechnology35.  RNAi is a cellular gene 
silencing mechanism, where messenger RNAs are targeted for degradation by 
homologous double-stranded RNA (dsRNA).  The major functions of RNAi include 
post-transcriptional modulation of gene expression, assembly of silent chromatin 
structures, and defense against invasion by heterologous nucleic acids such as 
viruses35.   
Different organisms comprise different mechanisms for RNAi, but the basic 
process shared three common steps35 (Figure 1.3).  First, small RNA duplexes 
(siRNAs) are generated from long dsRNA precursors by a ribonuclease III (RNase III) 
enzyme called Dicer.  Second, these small RNAs are loaded into Argonaute proteins 
to form a protein-RNA complex known as RNA-induced silencing complexe (RISC).  
Third, RISC finds and cleaves the target mRNA molecule whose sequence is 
homologous to the small RNA loaded in the complex.  In this way, sequence-specific 
gene silencing can be achieved by dsRNAs and the RNAi pathway.  The 
effectiveness and specificity of RNAi facilitate its wide use in functional genomics, 
therapeutics and metabolic engineering.  RNAi-based genetic screens have been 
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demonstrated in both lower organisms and mammalian cells24, 36, which help to 
elucidate various important biological mechanisms underlying developmental biology, 
signal transduction pathways and human diseases.   
Successful RNAi screening experiments depend on a well-designed library of 
RNAi reagents and high-throughput read-out of target phenotypes24, 36.  A collection 
of RNAi reagents, synthetic or derived from genomic DNA/cDNA, have been 
constructed to suit different purposes of genetic screens.  RNAi reagents can be 
generated in vitro and then delivered into the cells transiently, or can be generated in 
vivo from vectors for long-term effects.  On the other hand, two screening formats 
can be applied for phenotype characterization.  Either a systematic screen where 
each gene is silenced individually, or a pooled library coupled with high-throughput 
selection and screening can be used to target many genes at once.  While the 
systematic screen permits a comprehensive depiction of the genotype-phenotype 
relationships for a given trait, the selection strategy provide a higher throughput and 
less expensive method based on the selectable cell growth advantage or 
fluorescence-activated cell sorting (FACS).  Since its first demonstration in C. 
elegans in 2000, RNAi screening has accumulated a multitude of tools to expand the 
power of this genome engineering strategy.  
Recently, a functional RNAi pathway has been reconstituted in Saccharomyces 
cerevisiae by introducing two RNAi proteins Ago1 and Dcr1 from another budding 
yeast Saccharomyces castellii37.  However, RNAi screening has yet been reported in 
S. cerevisiae.  Though there are several genome-wide libraries available for S. 
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cerevisiae, RNAi screening possesses some unique advantages over the classical 
loss-of-function screens.  First, for those essential genes whose deletion is lethal and 
thus not accessible in gene knockout libraries, RNAi screening provides a way to 
assay their functions by creating reduction-of-function mutants that are still viable.  
Second, RNAi screening enables the fine-tuning of gene expression by knockdown, 
which theoretically provides more information than comparing only two states: wild 
type and complete deletion.  Third, a modifier screening can provide invaluable 
insight about genetic interactions by performing a genome-wide screening in a mutant 
background, but it requires a time-consuming and labor-intensive process to cross a 
query strain with a complete gene deletion library.  On the contrary, a pooled RNAi 
library can be introduced through a single step of transformation in a query 
background, which will greatly save the time and labor to carry out the modifier 
screening.  Based on these considerations, it is highly desirable to devise an RNAi 
screening platform in S. cerevisiae. 
1.3. Directed evolution 
There are two methods to engineer biological entities: rational design and directed 
evolution.  Given our limited knowledge of the complex biological systems, directed 
evolution has been proved as a better engineering strategy than rational design15.  By 
mimicking the natural evolution process—variation and selection—in the laboratory38, 
directed evolution has achieved enormous success in engineering industrially relevant 
properties5, 39, 40, without the need for the prior knowledge of target systems.  
8 
 
However, the success of directed evolution is mostly confined to the level of 
individual proteins.  The main obstacle to apply this strategy on a genome scale is 
the lack of efficient tools to create genome-wide diversity both globally and 
iteratively.   
To design a feasible strategy for directed genome evolution, it is necessary to learn 
from the success of directed protein evolution.  To identify variants with altered or 
improved functions, four key steps are performed40: First, choosing a good starting 
parent; second, creating a library of variants; third, selecting variants with desired 
property and last, repeating the process until no further improvement can be achieved 
or the engineering objective is reached.  While different selection/screen strategies 
are needed for a variety of applications, the creation of library generally falls into two 
categories38.  The first method is “asexual” evolution by sequential rounds of 
random mutagenesis, and the other method is “sexual” evolution by gene 
recombination.  Error-prone PCR is the standard method to introduce point 
mutations randomly into a protein sequence, and DNA shuffling is the most common 
strategy to create combinations of selected mutations.  These mature techniques 
provide convenient ways to sample the protein sequence space by continuously 
walking through the “fitness landscapes.”  Library construction techniques that can 
fulfill similar tasks on a genome scale are definitely needed to enable directed genome 
evolution. 
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1.4. Project overview 
In the second chapter, we constructed the first RNAi screening platform in S. 
cerevisiae.  The S. castellii RNAi pathway was integrated in the genome of a 
laboratory S. cerevisiae strain CEN.PK2-1c.  The RNAi pathway was proved to be 
functional through the RNAi-dependent suppression of GFP fluorescence.  A 
genome-wide dsRNA library was constructed from yeast genomic DNA on a 
single-copy plasmid.  Fifty plasmids from the library was randomly picked and 
sequenced to analyze the quality and coverage of the RNAi library.  A 
telomere-deficient model was constructed by deleting the yku70 gene.  The RNAi 
screening was performed in the Δyku70 mutant to identify knockdown targets 
rescuing the growth deficiency at elevated temperature of this strain.  Two known 
and three novel modulators of yku70-dependent growth arrest were identified.  This 
is the first example of RNAi screening in S. cerevisiae.  
In the third chapter, we report an efficient, genome-scale and generally applicable 
method for eukaryotic reprogramming, RNA interference (RNAi)-Assisted Genome 
Evolution (RAGE), whereby iterative cycles of creating a library of RNAi induced 
reduction-of-function mutants coupled with high throughput screening or selection are 
used to continuously improve target trait(s) by accumulating beneficial genetic 
modifications in a eukaryotic genome.  We show the application of RAGE to S. 
cerevisiae for improved acetic acid tolerance, a key trait for microbial production of 
chemicals and fuels.  Three rounds of RAGE led to the identification of three gene 
knockdown targets that acted synergistically to confer the highest reported acetic acid 
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tolerance in an engineered yeast strain.  These results open the possibility to bring 
the powerful toolbox of directed evolution and RNAi to genome engineering 
1.5. Figures and tables 
 
Figure 1.1. The paradigm of microbial cellular factories.  
 
 
Figure 1.2. MAGE can achieve targeted multiplex modification of genome by 
introducing synthetic oligonucleotides recursively to an evolving cell population. 
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Figure 1.3. Homologous dsRNA can trigger specific gene silencing response through 
RNAi pathway 
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Chapter 2. Suppressor Analysis of yku70 Deletion in 
Saccharomyces cerevisiae by RNAi Screening 
2.1. Introduction 
Saccharomyces cerevisiae, also known as baker’s yeast, is one of the most popular 
model organisms in both fundamental and applied biological sciences1.  As the first 
eukaryote to have its genome sequenced, S. cerevisiae becomes the workhorse of cell 
biology.  Functional genomics studies of this yeast provide invaluable knowledge 
about cellular processes such as signal transduction, cell-cycle control and stress 
responses2, 3.  Though being studied for many years, the roles of many of the 6,000+ 
yeast genes remain to be elucidated.  Novel tools and techniques are needed to 
discover and characterize a complete functional network in this yeast.  In this chapter, 
we report an RNAi-screening based approach for suppressor analysis in S. cerevisiae. 
2.1.1. Suppressor analysis in yeast 
In a well-studied system such as S. cerevisiae, a huge amount of genetic and 
biochemical information has been accumulated.  The exploration of synthetic 
interactions with the genes that have already been characterized proves to be a potent 
approach to uncover the functions of unknown genes3, 4.  There are two approaches 
to assay synthetic interactions: suppressor analysis and synthetic enhancement 
analysis.  Suppressor analysis identifies an additional mutation which can rescue the 
phenotype of an original mutation, while synthetic enhancement is interested in a 
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second mutation that can exacerbate the phenotype of an original mutation.  
Suppressor analysis is often more attractive between these two approaches, since a 
selection process rather than screening can be employed. 
There are several mechanisms how a second-site suppression happens4: 
interaction suppressor, bypass suppressor and remote suppressor.  The interaction 
suppressor often physically interacts with the original gene, and the second mutation 
is able to restore the disrupted association by the original mutation.  For the bypass 
suppressor, an alternative pathway which can compensate for the lost function of the 
original mutation can be activated when the suppressor is mutated.  The remote 
suppressor is very rare, and is often related to premature termination.   
Synthetic Genetic Array (SGA) is a standard method to perform suppressor 
analysis in S. cerevisiae5-7.  Haploid double mutants are generated by crossing a 
query strain to an array of gene-deletion mutants of the opposite mating type followed 
by sporulation.  Dominant selectable markers are linked to both the query mutation 
and the gene-deletion mutations to allow for selection of double-mutant meiotic 
progeny.  A series of panning procedures are devised to perform mating and meiotic 
recombination in a high-throughput manner, which result in an ordered array of 
double-mutant haploid strains.  The examination of phenotypes (i.e. synthetic 
lethality) can lead to the discovery of novel genetic interactions.  A recent impressive 
application of SGA was the depiction of a genome-scale digenic interaction network 
in S. cerevisiae, by examining 5.4 million gene-gene pairs in double-mutant library 
constructed from 1712 query strains5.   
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2.1.2. Yeast telomere and Yku70 protein 
The telomere is a specialized structure of heterochromatin, which consists of 
telomeric DNA and telomere-associated proteins8.  These proteins are involved in 
the protection, capping and replication of linear chromosome ends.  There are two 
key protein complexes in a budding yeast telomere, the yku70/yku80 (Ku) heterodimer 
and the Cdc13/Stn1/Ten1 (CST) heterotrimeric complex9.  Ku complex binds to the 
distal end of a telomere, and carries out a series of tasks including telomere 
maintenance and localization, non-homologous end-joining (NHEJ) DNA repair, and 
telomerase recruitment and activation10-15.  At an elevated temperature, the null 
mutation of the yku70 gene will lead to single stranded (ss)DNA accumulation at the 
telomere, which triggers DNA damage response and then cell-cycle arrest8.  The 
CST complex also functions in recruiting the telomerase and capping telomere, 
though through a different mechanism than the Ku complex8, 16.  A point mutation of 
cdc13 gene (cdc13-1) will result in a temperature-sensitive phenotype similar to the 
Δyku70 mutation17.  The temperature-dependent growth phenotype caused by the 
telomere cap defects provides a valuable model to study the genetic interactions 
involved in DNA-repair and cell-cycle pathways8, 9.  Using the standard synthetic 
genetic array (SGA) approach, suppressors of the cdc13-1 and Δyku70 mutations can 
be identified by examining the growth capacity of double-mutant strains, which carry 
both the telomere defect and an additional modifying mutation18-20.  In this way, 
many DNA damage checkpoint proteins have been identified whose null mutations 
can rescue the poor growth of telomere defect strains at an elevated temperature.  
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However, SGA requires time- and labor-intensive manipulations involving 
conjugation and sporulation in an arrayed fashion, and also high-throughput facilities 
and systematic phenotype examination.  Besides, complete collection of deletion 
strains is needed beforehand to perform SGA analysis, a luxury that is only available 
for very limited number of yeast strains2.  We hypothesize that these limitations of 
SGA can be overcome by employing RNAi screening. 
2.2. Results and discussion 
2.2.1. Reconstitution of a RNAi pathway in S. cerevisiae 
We first tried to construct a functional RNAi pathway in a laboratory yeast strain 
CEN.PK2-1c by integrating the S. castellii RNAi pathway.  The genomic DNA of S. 
castellii strain was isolated and used as template to clone the ago1 and dcr1 genes.  
An expression cassette in which the ago1 and dcr1 genes were driven by the 
constitutive promoters TEF1p and TPI1p, respectively, was assembled into a 
delta-integration vector by the DNA assembler method21.  The plasmid was 
linearized and transformed into the CEN.PK2-1c strain by heat shock to create the 
CAD strain (CEN.PK2-1c δ::TEF1p-ago1-TPI1p-dcr1).  The transformants selected 
from the YPAD medium plate supplemented with 0.2 g/L G418 were analyzed by 
quantitative PCR (qPCR) to measure the integration copy number.  The genomic 
DNA of the CAD strain was used as a template, and the primers qTEF1p For/Rev, 
qAgo1 For/Rev, qDcr1 For/Rev and qAlg9 For/Rev were used to quantify the copy 
numbers of TEF1p, ago1 and dcr1 using alg9 as an internal control.  The integration 
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copy number of the RNAi pathway was determined to be one (Figure 2.1, for TEF1p, 
there is an endogenous copy in the genome, so the total copy number will be two). 
To test whether the RNAi machinery is functional, a reporter system based on 
green fluorescent protein (GFP) was devised.  The overexpression cassette of GFP 
was integrated into the leu2 locus of the CAD or CEN.PK2-1c strain by 
pRS405-TEF1p-GFP-PGK1t plasmid linearized with EcoRI.  The resultant GFP 
positive strains CAD_GFP and CEN_GFP were transformed with either empty 
plasmid pRS416 as control, or with the plasmids that can transcribe the anti-sense 
RNA strand of GFP to trigger the RNAi pathway.  The GFP fluorescence of the 
engineered strains was analyzed by flow cytometry.  Upon the introduction of the 
anti-GFP construct, an 80% repression of GFP signal was achieved, while the control 
plasmid had no effect on GFP fluorescence (Figure 2.2).  This repression effect only 
existed in the presence of the RNAi pathway.  These results suggested that the 
integrated RNAi machinery was functional in our host yeast strain.   
2.2.2. Construction of a dsRNA library based on convergent promoters 
The convergent-promoter design was used to construct the RNAi library, which 
can drive the in vivo synthesis of two complementary RNA molecules to form a 
dsRNA molecule22.  The dsRNA can trigger the RNaseIII-like enzyme Dicer, which 
can cleave long dsRNAs into small interferencing RNAs (siRNAs) of 21-25 bp.  
These siRNAs are then loaded into a multi-subunit RNA-induced silencing complex 
(RISC), which will target and degrade the cellular mRNA with the homologous 
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sequence.  In our system, the long dsRNAs are synthesized by convergent promoters 
TEF1p and TPI1p.  Terminators are placed outside the promoter regions to signal the 
end of the RNA synthesis.  A BamHI site is engineered between the two promoters to 
facilitate the insertion of genomic DNA fragments generated by Sau3AI digestion.  
The whole cassette was assembled into a single-copy plasmid pRS416 by a in-fusion 
reaction to construct the plasmid pRS416-GPDtrc-TEF1p-BamHI-TPI1prc-PGK1t 
(aka pRS416-TTrc) 
To determine the functionality of the convergent-promoter design, a fragment 
corresponding to the 223-631bp region of GFP gene was PCR amplified and cloned 
into the BamHI site of the pRS416-TTrc plasmid, and resulted in the 
pRS416-TTrc-GFP-223-631 plasmid.  The 223-631 bp fragment was chosen because 
it can be generated by digesting the GFP gene with Sau3AI enzyme.  The CAD_GFP 
strain was transformed with the pRS416-TTrc-GFP-223-631 or pRS416-TTrc plasmid.  
The strains containing GFP RNAi cassette showed a 40% reduction of GFP 
fluorescence signal compared to the control strain (Figure 2.2).  To find out how the 
sizes of the dsRNAs affect the knockdown efficiency, DNA fragments derived from 
1-180 bp, 1-360 bp, 1-540 bp and 1-717 bp of the GFP gene were cloned into the 
pRS416-TTrc plasmid.  It was found that the repression efficiency increased as the 
length of the inserts decreased (Figure 2.2).  These results confirmed that dsRNA 
could be transcribed by the convergent promoters and further processed to trigger the 
degradation of homologous cellular mRNA. 
Next, we constructed a genome-wide RNAi plasmid library derived from the yeast 
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genomic DNA.  The genomic DNA of the yeast strain CEN.PK2-1c was isolated and 
completely digested by the Sau3AI enzyme.  This restriction enzyme can generate 
compatible sticky ends with BamHI enzyme, which will facilitate the insertion of the 
DNA fragments into the convergent promoters23.  The ligation was performed with 
300 ng genomic DNA fragments and 100 ng pRS416-TTrc plasmid linearized by 
BamHI.  The single-copy plasmid pRS416 was chosen as vector to ensure that each 
yeast cell only carried one RNAi cassette in the library.  The ligation product was 
transformed by electroporation into a commercial E. coli strain with transformation 
efficiency more than 1010 / μg DNA.  One hundredth of the library was plated on 
petri-dish plate to estimate the transformation efficiency.  A library containing 
4.22×105 independent colonies was obtained, while the control reaction with the 
digested plasmid alone gave only 1.4×103 transformants.  The plasmid library was 
isolated from the overnight E. coli culture.  
Fifty colonies from the plate were inoculated, and the resultant plasmids were sent 
for DNA sequencing to analyze the composition of the inserts.  The inserts of the 
majority plasmids consisted of only one genomic fragment, while for some plasmids, 
the inserts contained more than one DNA fragments, probably resulted from the 
ligation between genomic DNA fragments with compatible ends.  To prevent the 
self-ligation between the genomic DNA fragments, a fill-in reaction of the overhangs 
could be performed by the Klenow fragment2.  Thus, 83 fragments were present in 
the 50 sequenced plasmids.  The sizes of the fragments ranged from 41 bp to 1109 
bp, with an average size of 177 bp.  This 177 bp number was employed to estimate 
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the coverage of the yeast genome.  Following a simple model of Poisson distribution, 
our library was expected to cover 99.75% of the whole yeast genome (Table 2.1).  
The sources of the fragment were found to be randomly distributed on the yeast 
genome, including 17 out of 18 yeast chromosomes, the mitochondrial DNA and the 
2μ plasmid.  The statistics of the sequencing results are summarized in Figure 2.3. 
Taken together, a genome-wide RNAi library was successfully constructed with a 
nearly complete coverage of the yeast genome. 
2.2.3. RNAi screening for suppressors of yku70 deletion 
In the CAD Δyku70 strain, RNAi-library plasmids or the control plasmid 
pRS416-TTrc was transformed by heat shock.  The amount of DNA used in the 
transformation was able to achieve a library size exceeding 5×105 to ensure a nearly 
complete (>99.92%, Table 2.1) of the yeast genome.  The yeast cells were spread 
onto petri-dish plates of solid synthetic dropout medium (SC-U).  The library and 
control plates were incubated at 37 °C for 3~4 days.  Ninety-three colonies whose 
sizes were bigger than the largest colonies on the control plates were picked from the 
library plates.  The growth performance of the selected colonies and the control 
strain was compared in the liquid medium at 37 °C.  The initial OD600 for all the 
strains were adjusted to 0.2, and the growth was monitored at 4, 8, 12 and 24 hour 
time intervals.  The RNAi plasmids from the top ten strains whose growth behavior 
was significantly better than the control strain were isolated and amplified by E. coli.  
The selected plasmids were then individually re-transformed, of which five were still 
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able to rescue the growth at 37 °C in a fresh yeast background with three biological 
replicates.  The inserts of the five plasmids were DNA sequenced, and BLAST 
search was used to identify the sources of the inserts in the selected RNAi plasmids.  
The inserts within the selected RNAi cassettes were found to be the fragments from 
one essential gene ret1, and four non-essential genes say1, cst6, ssa1 and mlp2. 
Among the identified targets, the genes ssa1 and mlp2 were previously reported as the 
suppressors for yku70 deletion18. 
2.2.4. Characterization of the newly-discovered suppressor targets 
We then designed a second RNAi construct targeting a different region of the 
same transcript for each gene to eliminate the “off-target” effects (Table 3.1).  The 
“off-target” effects often result from the partial homology to other transcripts 24, and it 
was very unlikely that two independent RNAi cassettes would have the common 
“off-target” suppression effects. The selected plasmids were named as 
pRS416-TTrc-gene name-Si, while the designed plasmids were named as 
pRS416-TTrc-gene name-Di.  All the designed RNAi constructs led to better fitness 
at 37 °C (Figure 2.4).  We further estimated the knockdown efficiency by fusing the 
target endogenous proteins with a carboxyl-terminal GFP tag for quantification25.  
All the selected and designed RNAi cassettes showed reduction of GFP fluorescence 
(Figure 2.4).  These results confirmed that specific gene silencing enabled the 
identification of the suppressors of temperature-sensitive phenotype cause by yku70 
deletion 
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We then constructed the knockout constructs for the four non-essential genes.  
All the deletion strains showed significant increased growth at 37 °C (Figure 2.4).  
The rescue effect of the knockout modification was far more obvious than the 
knockdown modification by RNAi.  For the ret1gene, the knockout modification is 
lethal and thus not accessible through traditional screening of the deletion libraries.  
In such cases, RNAi screening will serve as an important complementary tool for 
functional genomics studies. 
2.3. Conclusions and future work 
This work is the first demonstration of the genome-wide reduction-of-function 
screening in S. cerevisiae by RNAi.  Though widely used in functional genomics 
research in various eukaryotes, RNAi screening is not available in S. cerevisiae whose 
RNAi pathway was lost during evolution.  The recent reconstitution of functional 
RNAi machinery in S. cerevisiae opens the possibility to perform RNAi screening in 
this yeast.  In our system, convergent promoters were employed to drive the in vivo 
synthesis of dsRNA to trigger RNAi response.  This design enables a simple yet 
effective way to construct the pooled genome-wide RNAi library derived from yeast 
genomic DNA.  When coupled with a selection strategy, the pooled library provides 
a high-throughput method to uncover novel functions and interactions for relevant 
phenotypes.  Such platform is especially useful for those “non-standard” yeast 
strains, whose comprehensive over-expression/deletion libraries are not available.   
Adapting a pooled plasmid-based format, it requires only a single step of 
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transformation to construct a genome-wide knockdown library.  This feature will 
greatly facilitate the modifier screening such as suppressor analysis, which involves 
the creation of a comprehensive perturbation library in different mutant backgrounds.  
Compared to the standard protocol such as SGA, our approach eliminates the 
necessity for arrayed conjugation and sporulation, and thus saves a lot of time and 
cost.  More importantly, our method employs a genomic DNA/cDNA-derived library 
and thus does not require genome sequence information or the construction of a gene 
knockout library, while SGA can only be performed in strains whose comprehensive 
deletion collection is available.   
A colony-size based screening identified two known and three novel suppressors 
of Δyku70 mutation.  While the identification of known gene targets validates the 
effectiveness of our screening, the newly discovered targets will help to provide novel 
insights about the biological processes related to telomere capping and DNA damage 
response.  Besides, the RNAi screening enables the discovery of one essential gene 
as a suppressor, the task of which is only possible in reduction-of-function screening 
and not in traditional loss-of-function screening.  This result highlights the necessity 
of RNAi screening as an important complement to the existing deletion libraries to 
assay the functions of those essential genes.  
For future work, a better-designed RNAi library is needed to improve the 
effectiveness and completeness of RNAi screening in yeast.  As shown in the GFP 
repression experiment, both the position and length of the inserts relative to the target 
26 
 
gene affected the knockdown efficiency (Figure 2.2).  This result suggests that the 
RNAi library created by inserting enzyme digested genomic fragments into a 
convergent-promoter construct may have a limitation.  The restriction enzyme used 
to digest the genomic DNA will result in a certain pattern of fragmentation defined by 
the recognition site of that enzyme.  For a given gene, the knockdown efficiency is 
determined by how the enzyme cuts in the gene region, and it is possible that the 
repression level in a specific library cannot generate an observable phenotype, even 
though the gene is involved in the target trait.  To overcome such limitation, a set of 
restriction enzymes can be used in parallel to increase the diversity of fragmentation 
patterns, or other forms of RNAi reagents can also be tested.  For example, we are 
now investigating the anti-sense design which transcribes the full length cDNA in 
reverse directions to trigger higher levels of gene silencing. 
2.4. Materials and methods 
Strains, media, and cultivation conditions 
S. cerevisiae strain CEN.PK2-1c (MATa ura3-52 trp1-289 leu2-3,112 his3Δ1 
MAL2-8C SUC2) was purchased from EUROSCARF (Frankfurt, Germany).  Zymo 
5α Z-competent E. coli (Zymo Research, Irvine, CA) and NEB 5-alpha 
Electrocompetent E. coli (New England Biolabs, Ipswich, MA) were used for plasmid 
amplification and library construction, respectively.  S. castellii strain was obtained 
from the ARS culture collection (NRRL number Y-12630) (Peoria, IL).  S. cerevisiae 
strains were cultivated in either synthetic dropout medium (0.17% Difco yeast 
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nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate 
and 0.083% amino acid drop out mix, 0.01% adenine hemisulfate and 2% glucose) or 
YPAD medium (1% yeast extract, 2% peptone, 0.01% adenine hemisulfate and 2% 
glucose), with appropriate supplements (with 1.5% agar added for solid plates).  S. 
cerevisiae strains were cultured at 30 °C and with 250 rpm agitation in baffled 
shake-flasks for aerobic growth, and at 30 °C and 100 rpm in un-baffled shake-flasks 
for fermentation.  E. coli strains were cultured at 37 °C and 250 rpm in Luria broth 
(LB) medium (Fisher Scientific, Pittsburgh, PA) with the supplement of 100 μg/mL 
ampicillin.  S. castellii strain was cultured in YPAD medium at 30 °C and 250 rpm.  
All chemicals were purchased through Sigma-Aldrich or Fisher Scientific. 
 
DNA manipulation 
Plasmid cloning was mostly done by In-fusion HD cloning Kit (Clontech Laboratories, 
Mountain View, CA) following the manufacturer’s instructions or by the DNA 
assembler method21.  The primers for polymerase chain reaction (PCR) were 
designed to incorporate 15 bp or 40 bp homologous regions at the ends of adjacent 
DNA fragments.  For DNA manipulations, yeast plasmids were isolated using a 
Zymoprep II yeast plasmid isolation kit (Zymo Research, Irvine, CA) and transferred 
into E. coli for amplification.  QIAprep Spin Plasmid Mini-prep Kits (Qiagen, 
Valencia, CA) were employed to prepare plasmid DNA from E. coli.  Yeast genomic 
DNA was isolated by Wizard Genomic DNA Purification Kit (Promega, Madison, 
WI).  All enzymes used for recombinant DNA cloning were from New England 
28 
 
Biolabs unless otherwise noted.  The products of PCR, digestion and ligation 
reactions were purified by QIAquick PCR Purification and Gel Extraction Kits 
(Qiagen, Valencia, CA).   
 
Reconstitution of RNAi machinery in S. cerevisiae 
The genomic DNA of the S. castellii strain was isolated and used as template to 
clone the ago1 and dcr1 genes. An expression cassette, in which the ago1 and dcr1 
genes were driven by the constitutive promoters TEF1p and TPI1p, respectively, was 
assembled into a delta-integration vector by the DNA assembler method21.  The 
plasmid was linearized by PmeI, and 1 μg of gel-purified DNA was transformed into 
CEN.PK2-1c strain by heat shock to construct the CAD strain.  The transformants 
selected from the YPAD medium plate supplemented with 0.2 g/L G418 was analyzed 
by quantitative PCR (qPCR) to measure the integration copy number.  The qPCR 
experiments were performed with LightCycler® 480 SYBR Green I Master (Roche, 
Indianapolis, IN) following the manufacturer’s instructions.  The genomic DNA of 
the CAD strain was used as template, and the primers qTEF1p For/Rev, qAgo1 
For/Rev, qDcr1 For/Rev and qAlg9 For/Rev were used to quantify the copy numbers 
of TEF1p, Ago1 and Dcr1 with Alg9 as an internal control.   
To test whether the RNAi machinery is functional, a reporter system based on 
green fluorescence protein (GFP) was devised.  The overexpression cassette of GFP 
was integrated into the leu2 site of the CAD or CEN.PK2-1c strain by 
pRS405-TEF1p-GFP-PGK1t plasmid linearized with EcoRI.  The resultant GFP 
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positive strains CAD_GFP and CEN_GFP was transformed with either empty plasmid 
as control, or with the plasmids that can transcribe the anti-sense RNA strand of gfp to 
trigger the RNAi pathway.  The GFP fluorescence of the engineered strains was 
analyzed by LSR II Flow Cytometer (BD, Franklin Lakes, NJ).   
 
Design and of convergent promoters to generate dsRNA 
The convergent-promoter design was adapted to construct the RNAi library, which 
can drive the in vivo synthesis of two complementary RNA molecules to form a 
dsRNA molecule 23.  To test the functionality of the convergent-promoter design, a 
fragment corresponding to the 223-631 bp region of GFP gene was PCR-amplified 
and cloned into the BamHI site of pRS416-TTrc plasmid, and resulted in the 
pRS416-TTrc-GFP-223-631 plasmid.  The 223-631bp fragment was chosen because 
it can be generated by digesting the GFP gene with Sau3AI enzyme.  To test how the 
sizes of the dsRNA affect the knockdown efficiency, DNA fragments derived from 
1-180 bp, 1-360 bp, 1-540 bp and 1-717 bp of the GFP gene were cloned into the 
pRS416-TTrc plasmid.  
 
Construction and characterization of a genome-wide RNAi plasmid library 
The genomic DNA of yeast strain CEN.PK2-1c was isolated.  In a 50 μL reaction, 
the Sau3AI enzyme with varying concentrations (0.4-4 U) was added to digest 50 μg 
genomic DNA for 15 min at 37 °C.  After heat inactivation at 65 °C for 20 min, the 
digestion mixtures were column purified, and 0.5 μL of the purified DNA was loaded 
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along with the intact genomic DNA on a 0.7% agarose gel.  After staining with 
ethidium bromide and visualizing under UV light, the digestion reaction with 4 U 
Sau3AI was considered complete and used for the following experiments.  The 
ligation was performed by T4 ligase with 300 ng genomic DNA fragments and 100 ng 
pRS416-TTrc plasmid linearized by BamHI.  The ligation product was n-butanol 
precipitated and resuspended in 10 μL ddH2O, which was transformed into 100 μL 
NEB 5-alpha Electrocompetent E. coli by electroporation.  The E. coli cells were 
immediately transferred into 1 mL SOC medium.  After recovered for 1 hr, all the 
cells were used to inoculate 25 mL LB medium plus 100 μg/mL ampicillin (Amp) and 
allowed to grow until saturation.  One hundredth of the cells was plated on an LB 
plus ampicillin plate to estimate the transformation efficiency.  The plasmid library 
was isolated from the overnight E. coli culture. Fifty colonies from the plate were 
inoculated, and the resultant plasmids were sent for DNA sequencing (ACGT, 
Wheeling, IL) to analyze the composition of the inserts.   
 
Construction of yeast knockdown library and screening 
In the CAD Δyku70 strain, the standard LiAc/ssDNA/PEG protocol26 was used to 
transform 20 μg RNAi library plasmids or the control plasmid pRS416-TTrc by heat 
shock.  Twenty micro-gram of the library DNA was able to achieve a library size 
more than 5×105 to ensure a nearly complete coverage (99.92%) of the yeast genome.  
Following the transformation, the yeast cells were recovered in 1 mL YPAD medium 
for 4 hrs, and then washed with ddH2O.  The yeast cells with either the RNAi library 
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or the control plasmid were spread onto 15 mm diameter petri-dish plates of solid 
synthetic dropout medium (SC-U).  The amount of cells was adjusted so that each 
plate would form about 104 colony forming units (CFUs) at the permissive 
temperature of 30 °C and about 103 CFUs at the inhibitive temperature of 37 °C.  
The library plates and the control plate were incubated at 37 °C for 3~4 days.  
Ninety-three colonies whose sizes were bigger than the largest colonies on the control 
plate were picked from the library plates into SC-U medium.  At 37 °C, the growth 
performances of the selected colonies and the control strain were compared.  The 
initial OD600 for all the strains were adjusted to be 0.2, and the growth was monitored 
at 4, 8, 12 and 24 hour time intervals.  The RNAi plasmids from the top ten strains 
whose growth was significantly faster than the control strain were isolated and 
amplified by E. coli.  The selected plasmids were then individually re-transformed, 
of which five were able to confer growth rescue of Δyku70 mutant in a fresh 
background with three biological replicates.  The four plasmids were sent for DNA 
sequencing analysis with the primers S TEF1p For and S TPI1p For.  The BLAST 
search was used to identify the sources of the inserts in the selected RNAi plasmids.   
 
Analysis of the newly-discovered RNAi targets 
To gain a deeper understanding of the selected RNAi targets, both the designed 
RNAi and the deletion mutants were created.  The designed RNAi plasmids were 
constructed by cloning a different region from each target transcript other than the 
selected plasmids into the pRS416-TTrc plasmid.  The selected plasmids were 
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named as pRS416-TTrc-gene name-Si, while the designed plasmids were named as 
pRS416-TTrc-gene name-Di.  To perform gene deletion, the open reading frames 
(ORF) of target genes were disrupted by inserting the LoxP-ura3-LoxP cassette which 
was PCR-amplified from plasmid pUG72.  The primers were designed in the way 
that the ura3 cassette was flanked by 40 bp sequences that were homologous to the 
upstream and downstream regions of the target ORFs.  The strains containing 
selected RNAi, designed RNAi, gene deletions, and the control plasmid pRS416-TTrc 
was compared in parallel.  Three biological replicates of each strain were inoculated 
in 3 mL SC-U to grow at 30 °C until saturation.  Then 50 μL culture was used to 
inoculate 3 mL fresh SC-U to synchronize the growth phase.  After 20 hrs, the 
stationary-phase cells were transferred into 4mL SC-U medium at 37 °C.  The 
amount of inoculation was adjusted so that the starting OD600 will be 0.2.  The cell 
density was monitored at 4, 8, 12, 24 and 36 hrs.  The normalized OD600 values with 
the control strain as the reference were used.  
 
Estimation of the knockdown efficiency 
By knocking-in the GFP gene as a carboxyl-terminal fusion reporter, it is possible 
to quantify the expression levels of the target proteins.  All the primers and the 
process to create a perfect in-frame GFP fusion protein were reported elsewhere25.  
We measured the knockdown efficiency for the selected five target genes.  In the 
CAD strain, the GFP_His3MX6 cassette was inserted at the C-terminal end of the 
coding regions of the target genes.  The correct insertion was confirmed by colony 
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diagnostic PCR.  The resultant strains were transformed with the designed or 
selected RNAi plasmids of the corresponding genes.  The GFP fluorescence of the 
strains carrying the control plasmid pRS416-TTrc was used as the 100% reference.  
The cells were cultured aerobically in SC-His/Ura and subjected to the flow 
cytometry analysis in their log-phase.    
2.5. Figures and tables 
 
Figure 2.1. The integration copy number of the RNAi pathway in the CAD strain 
determined by quantitative real-time PCR (qPCR).  Three colonies were assayed.  
The error bars represented the two concentrations of genomic DNA (differed by 10 
fold) added as template in the qPCR reactions.  The alg9 gene was used as the 
internal control whose copy number was set to be one. 
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Figure 2.2. Repression of GFP fluorescence by RNAi constructs.  (A) Scheme for 
RNAi design. The TEF1p-GFPrc construct transcribes the full-length anti-sense RNA 
of the GFP gene, while the TTrc-GFP constructs transcribe dsRNAs derived from 
different regions of the GFP gene.  The 223-631 bp region corresponds to the 
digestion product of the GFP gene by Sau3AI, the enzyme employed to generate 
genomic DNA fragments.  (B) Silencing of GFP expression.  The 100% reference 
of GFP signal was defined as the strain containing the integrated GFP expression 
cassette and the control plasmid pRS416.  The gene-silencing effect only showed in 
the presence of both the RNAi pathway and RNAi constructs.  For the 
convergent-promoter constructs, both the position and the length of the inserts will 
affect the repression efficiency. 
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Figure 2.3. The DNA sequencing results of 50 randomly picked plasmids from 
the RNAi library.  (A) The size distribution of the genomic DNA fragments.  (B) 
The number of fragments per plasmid.  (C) The locations of the genomic DNA 
mapped to the yeast genome.  Each column represents one chromosome, the height 
of which is proportional to the sizes of the chromosomes.  Each bar indicates the 
location of one fragment.  The fragments derived from the mitochondrial genome 
and 2μ plasmid were omitted for clarity. 
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Figure. 2.4. Knockdown targets identified by RNAi screening for suppressors for 
Δyku70.  (A) Estimation of knockdown efficiency where the expression levels of 
target proteins were quantified by the GFP tag.  The 100% reference of GFP signal 
was defined as the strains with the control plasmid for each target gene respectively.  
Reduction of GFP fluorescence was reported as 1-(RNAi strain fluorescence/ Control 
strain fluorescence).  (B) Comparison of growth capacity at 37 °C in synthetic 
dropout medium.  The initial OD600 was 0.2, and the cell density after growing for 12 
hrs was normalized to the CAD Δyku70 strain containing the control plasmid. Si: 
selected RNAi constructs; Di: designed RNAi constructs; k/o: knockout; Ctrl: control 
plasmid pRS416-TTrc. 
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Table 2.1. Estimation of library coverage. 
Library Size Redundancy Coverage* 
50,000** 0.71 50.76% 
100,000** 1.42 75.75% 
422,400*** 5.98 99.75% 
500,000** 7.08 99.92% 
 
* The coverage was calculated based on the assumption of the Poisson distribution.  
The equation was E<C> = 1 - exp(L * N / G) , where E<C> is the expectation of the 
coverage, L is the average length of the fragment which is equal to 177 bp, N is the 
library size, and G is the genome size of S. cerevisiae which is 12.5 Mbp.   
** Simulated calculation by assuming the library size equals to 50, 000, 100, 000 and 
500, 000 
*** The actual library size obtained for the pooled RNAi library 
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Chapter 3. Eukaryotic Reprogramming by RNAi-assisted 
Genome Evolution 
3.1. Introduction 
A fundamental challenge in basic and applied biology is to reprogram cells with 
improved or novel traits on a genomic scale.  Genome-wide cellular reprogramming 
will not only uncover fundamental biological mechanisms of cell differentiation and 
development but also result in a broad range of applications such as gene therapy, 
regenerative medicine, microbial production of chemicals and fuels, and transgenic 
crops with herbicide, salt, and drought tolerance.  However, the current ability to 
reprogram a cell on the genome scale is limited to bacterial cells and in most cases is 
confined to modifications of a limited number of gene targets.  In this chapter, we 
report an efficient, genome-scale and generally applicable method for eukaryotic 
reprogramming, RNA interference (RNAi)-Assisted Genome Evolution (RAGE), 
whereby iterative cycles of creating a library of RNAi induced reduction-of-function 
mutants coupled with high throughput screening or selection are used to continuously 
improve target trait(s) by accumulating beneficial genetic modifications in a 
eukaryotic genome.  We show the application of RAGE to Saccharomyces cerevisiae 
for improved acetic acid tolerance, a key trait for microbial production of chemicals 
and fuels. 
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3.1.1. Acetic acid tolerance in yeast 
Acetic acid is one of the most important inhibitors during S. cerevisiae alcoholic 
fermentation, and is from three main sources.  First, HAc is a byproduct for yeast 
bioethanol production1.  Though HAc can be re-assimilated by S. cerevisiae through 
anaplerotic glyoxylate cycle and neoglucogenesis, these pathways are repressed in the 
presence of glucose.  Second, HAc is an unavoidable inhibitor in lignocellulosic 
hydrolystes, produced from the acetyl groups in lignin2, 3.  Third, HAc can be 
generated by the contamination of lactic and acetic acid bacteria during vinification4.  
The toxicity of HAc will lead to fermentation arrest and reduced ethanol 
productivity5-7.  With a pH equal or below its pKa value (4.75 at 25 °C), HAc is 
mostly in the un-dissociated form and can enter yeast cells by simple diffusion.  In 
the near-neutral cytosol, the dissociation of HAc results in the accumulation of 
protons and acetate, both of which are toxic to yeast cells8.  For example, excess 
protons need to be pumped out of the cells by the plasma membrane ATPase at the 
expense of ATP hydrolysis, depriving the cells of enough energy for biomass 
accumulation9.  High concentration of protons and acetate ions also inhibit the 
functions of many metabolic enzymes which are important to maintain normal 
physiology10-13.   
Most of the genetic determinants of HAc tolerance were discovered by 
high-throughput screening4, 12, yet their underlying mechanisms remain elusive.  To 
engineer complex phenotypes such as tolerance, it is believed that the 
mutagenesis-and-selection strategy remains a better strategy than rational design.  
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Tolerance to HAc is highly desirable for efficient chemical and fuel production by 
yeast, and we apply our newly developed eukaryotic reprogramming tools to improve 
this trait of S. cerevisiae. 
3.1.2. Eukaryotic reprogramming by RAGE 
Here we report the development of a general strategy for genome-wide eukaryotic 
reprogramming by RNAi-assisted genome evolution (RAGE) that combines directed 
evolution and RNA interference.  The screening with a pooled RNAi library requires 
only a simple step of transformation to construct a yeast library with efficient 
knockdown effects on a genome scale14-17.  This simplicity and effectiveness should 
satisfy the need for directed genome evolution, by introducing mutations globally and 
iteratively on a genome scale.  So we devise a platform named RNAi-assisted 
Genome Engineering (RAGE) to continuously improve the desired traits.  As shown 
in the Figure 3.1, the basic steps of RAGE contain the following: 
1. Create a dsRNA library derived from genomic DNA with the design of 
convergent promoters 
2. Create the yeast library by the transformation of the dsRNA library to parent 
strain, either a wild-type strain or an engineered strain from the previous 
round of RAGE 
3. The same or a higher selection pressure can be applied to isolate a better 
strain than the parent.  Confirm the beneficial RNAi cassettes by the 
strategy of designed RNAi, knockout, or others. 
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4. Integrate the RNAi cassettes of the positive hits into the parent strain 
5. If the improved phenotype still persists, use the resultant strain as a new 
starting point for another round of RAGE 
6. The cycle will be repeated until the engineering target is achieved or no 
further improvement can be obtained. 
3.2. Results and discussion 
3.2.1. First round of RAGE 
We first explored the possibility of applying RNAi screening to identify 
knockdown gene targets for improved HAc tolerance in S. cerevisiae.  The same 
genomic DNA-derived RNAi library (see Chapter 2) was transformed into yeast and 
selected on solid synthetic medium containing 0.5% (v/v) HAc.  Colonies that grew 
larger than the control strain were picked up and tested for their growth capacity 
under HAc stress in liquid media.  Plasmids isolated from the top growers were 
re-transformed into fresh yeast cells, and those still conferring improved HAc 
tolerance were sequenced to identify the origins of the RNAi cassettes (Figure 3.2).  
The inserts within the selected RNAi cassettes were found to be the fragments from 
one essential gene rnt1, and three non-essential genes ypk3, ptc6 and ymr1.   
We then designed a second RNAi construct targeting a different region of the 
same transcript for each gene to eliminate the “off-target” effects.  The “off-target” 
effects often result from the partial homology to other transcripts18, and it was very 
unlikely that two independent RNAi cassettes would have the common “off-target” 
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suppression effects.  Except for the rnt1 gene, all the other designed RNAi 
constructs for the ypk3, ptc6 and ymr1 genes led to increased growth under HAc stress 
(Figure 3.2A).  We further estimated the knockdown efficiency by fusing the target 
endogenous proteins with a carboxyl-terminal GFP tag for quantification 19.  All the 
selected and designed RNAi cassettes showed reduction of GFP fluorescence except 
for the designed RNAi for rnt1 (Figure 3.2B).  The weak silencing effect of the 
designed rnt1 RNAi correlated with its failure to elicit the growth advantage, whereas 
all the other seven RNAi cassettes conferred increased HAc tolerance through specific 
suppression of their targets.  These results confirmed that RNAi screening 
successfully identified specific knockdown targets for improved HAc tolerance. 
The above-identified knockdown gene targets have never been reported to confer 
enhanced HAc tolerance despite previous extensive screening efforts using the 
complete deletion strain sets20, 21.  To further validate these gene targets, we 
constructed the knockout constructs for the three non-essential genes ymr1, ptc6 and 
ypk3, and evaluated their HAc tolerance.  For essential genes such as rnt1, the 
knockout modification is lethal and thus not accessible through traditional screening 
of the deletion libraries.  In such cases, RNAi screening will serve as an important 
complementary tool for functional genomics studies.  There was no observable effect 
of Δymr1 on the fitness, while Δptc6 and Δypk3 both led to significant growth deficit 
in the presence of 0.5% (v/v) HAc (Figure 3.2A).  These results suggested that the 
RNAi knockdown might be a better engineering strategy than gene deletion for 
certain sets of genes, and explained why these targets were not identified from 
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screening the gene knockout library.  Another reason might be due to the different 
host backgrounds between previous studies (mostly BY4741) and ours.  Indeed, 
although the deletion of nap1 or fps1 was known to improve HAc tolerance in the 
BY4741 strain 22, 23, it failed to elicit the same phenotype in the CEN.PK2-1c strain 
(Figure 3.3) 
3.2.2. Second and third round of RAGE 
After establishing RNAi screening in S. cerevisiae, we combined it with directed 
evolution to rapidly reprogram yeast cells on a genome scale (Figure 3.1).  We 
integrated the four selected RNAi cassettes from the first round of RNAi screening 
into the yeast genome separately, and the resultant strains all exhibited better fitness 
than the wild-type strain under HAc stress (Figure 3.4).  These strains were then 
employed as new parent strains for the second round of RNAi screening.  With a 
mini-library containing the four selected plasmids from the first round, we found that 
the introduction of another RNAi cassette to the parent strains affected the HAc 
tolerance (Figure 3.4).  Notably, the combination of the beneficial RNAi 
modifications did not necessarily lead to incremental improvements, highlighting the 
necessity to perform the genome-wide screening to identify targets for further 
engineering.  Specifically, DH strain exhibited a lower HAc tolerance than both DN 
and HN strains, indicating a cancelling effect between the knockdown of ymr1 and 
ypk3.  The dosage of gene silencing also had observable effects on HAc resistance.  
In terms of biomass accumulation, a further repression of ptc6 gene led to a higher 
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level of tolerance, while the opposite phenomenon was observed for both rnt1 and 
ypk3 genes. 
Encouraged by these results, the genome-wide RNAi library was transformed into 
the new parent strains.  A higher HAc concentration (0.6% (v/v)) than the first round 
(0.5% (v/v)) was used to isolate mutant strains with better HAc tolerance.  Following 
the same procedure of selection and confirmation, several RNAi cassettes were 
confirmed to enhance HAc tolerance compared to their parent strains.  In the 
background of the strain integrated with the RNAi cassette for ptc6 (named as the first 
round strain R1), the RNAi cassette for ypr084w resulted in the highest fitness in the 
second round of RNAi screening.  Thus the recombinant strain integrated with both 
the ptc6 RNAi and ypr084w RNAi cassettes (named as the second round strain R2) 
was created and used as the parent strain for the third round of RNAi screening with 
0.7% (v/v) HAc as selection pressure.  The best mutant strain was found to contain 
an RNAi cassette with a genomic DNA fragment from tRNAVal(AAC) as the insert 
(named as the third round strain R3).   
The functions of the identified knockdown targets were summarized in Table 3.2 
and the relevance of these genes to the HAc tolerance was speculated.  It is 
noteworthy that ypk3 and ptc6 are involved in the Target of rapamycin (TOR) pathway, 
which is responsible for the signaling of acetic acid-induced apoptosis 24.  The gene 
rnt1 can mediate selective mRNA degradation and thus regulate the cell wall stress 
response25, which is experienced by HAc-challenged yeast cells.  The gene ypk3 
might also play a role in the cell wall integrity as a homolog of ypk126, and the 
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deletion of ypk1 can improve acid tolerance of the yeast cells21.  Though the function 
of ypr084w is unknown, ypr084w exhibits negative interactions with the slm4 and 
spf1 genes27, which are the determinants of HAc resistance20.  Reprogramming of 
tRNA modifications was reported to regulate the stress response of yeast cells28, 29, 
and it will be interesting to further investigate how our selected RNAi construct for 
tRNAVal(AAC) plays a role in such process. 
3.2.3. Characterization of the engineered strains 
The mutant strains with the highest fitness in each round of RAGE were compared 
in parallel with the control strain for the growth capacity in the presence of different 
concentrations of HAc.  A general trend of R3>R2>R1>control was observed under 
almost all the conditions, indicating the step-wise improvement of HAc tolerance 
(Figure 3.5A).  The tolerance phenotype of the R3 strain was significantly increased, 
which accumulated greater than 20-fold more biomass under 0.9% (v/v) HAc relative 
to the control strain.  The 100% inhibitory HAc concentration for growth was 
elevated from 0.8% to 1.0% (v/v), a level of tolerance that has never been achieved 
for engineered S. cerevisiae strains in literature30. 
Next, we evaluated the contribution of each RNAi cassette to the HAc tolerance of 
the R3 strain.  The yeast strains carrying only one of the selected RNAi cassettes for 
ptc6, ypr084w and tRNAVal(AAC) were constructed and compared with the R3 strain for 
the growth capacity with elevated HAc levels (0.5% and 0.7% (v/v)).  The results 
showed that each cassette led to increased biomass accumulation to some extent 
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relative to the control, but the superior tolerance of the R3 strain cannot be readily 
explained by simply adding up these individual effects (Figure 3.5B).  The 
mechanism of the observed synergy cannot be deduced directly from the known 
functions of the targeted genes.  Such non-linear interactions between the RNAi 
cassettes highlighted the necessity of iterative rounds of screening to accumulate the 
beneficial knockdown perturbations. 
The fermentation performance of the R3 strain and the control strain was 
evaluated under an oxygen-limited condition.  Three levels of HAc stress were 
applied as 0%, 0.7% and 1.0% (v/v) in the synthetic minimal medium.  The 
performance of the R3 strain was superior to the control under all the conditions in 
terms of glucose utilization, biomass accumulation and ethanol productivity (Figure 
3.6).  Specifically, in the presence of 0.7% HAc, the R3 strain exhibited a 63.1±3.2% 
increase in ethanol productivity relative to the control strain in the period of 0-24 hr.  
Though the final ethanol titers were similar for the two strains, the R3 strain 
accumulated 15.3±3.5% more biomass than the control.  Without the HAc stress, the 
R3 strain showed the same ethanol production profile as the control strain.  Notably, 
after the glucose was depleted, the R3 strain exhibited a much faster assimilation rate 
of acetate than the control.  The enhanced capacity to utilize acetate might provide 
some clues why the R3 strain had a higher level of HAc tolerance.  These results 
confirmed that RAGE successfully improved the HAc tolerance and fermentation 
performance of S. cerevisiae. 
To determine the knockdown efficiency of RNAi cassettes in the R3 strain, a 
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semi-quantification assay was employed to measure the level of target RNA 
molecules31.  The reason why we did not use the GFP-fusion construct is that the 
his3 selection marker used to insert GFP cassette was already used to integrate the 
RNAi cassettes.  The total RNAs from the R3 strain and the control strain were 
isolated and used as template for cDNA synthesis.  In each reverse-transcription 
reaction for a certain gene, the gene-specific primers for the target gene and the 
internal control gene act1 were added in the same reaction.  For the control samples, 
only the reverse-transcriptase was omitted.  For the PCR reactions, gene-specific 
primers internal to the ORF were used.  The PCR reaction was run for the indicated 
numbers of cycles and loaded onto agarose gel for ethidium bromide staining and UV 
visualization.  For the ptc6 gene, no difference was observed between the R3 and 
control strain (Figure 3.7), probably due to the insensitivity of this 
semi-quantification assay to detect a ~20% knockdown effect by the RNAi cassette 
(Figure 3.2).  The reduction of the ypr084w mRNA level by RNAi was significant, 
as seen from much weaker RT-PCR bands of the R3 strain than the control strain 
(Figure 3.7).  No RT-PCR products were obtained after 32 cycles for the control 
samples or for the tRNAVal(AAC) samples.   
3.3. Conclusions and future Work 
In conclusion, RAGE enables the identification and fine-tuning of multiplex gene 
targets and reprograms eukaryotic cells on a genomic scale by introducing an artificial 
RNAi regulatory mechanism tailored for the host and target trait(s).  Though 
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demonstrated in the model eukaryote S. cerevisiae, this method should be widely 
applicable in any host of interest as long as both the basic genetic tools and a 
functional RNAi pathway (native or engineered) are available.  RAGE employs a 
genomic DNA/cDNA-derived library and thus does not require genome sequence 
information or the construction of a gene knockout library, which is especially 
suitable for industrially or medically important eukaryotes.  A pooled library on an 
episomal plasmid coupled with an efficient selection strategy allows the rapid 
implementation of RAGE, and it is possible to further speed up and automate the 
entire process by direct integration of RNAi cassettes into the host genome for library 
creation.  For the engineered strains obtained by RAGE, further investigation of the 
mechanisms underlying the superior traits will provide invaluable knowledge about 
the target traits and genome structure, function and evolution.  Given the versatile 
tools and broad applications available for both RNA interference and directed 
evolution, we envision RAGE will become a powerful genome-scale engineering tool 
for studies in biology, medicine and biotechnology.   
3.4. Materials and methods 
Strains, media, and cultivation conditions 
S. cerevisiae strain CEN.PK2-1c (MATa ura3-52 trp1-289 leu2-3,112 his3Δ1 
MAL2-8C SUC2) was purchased from EUROSCARF (Frankfurt, Germany).  Zymo 
5α Z-competent E. coli (Zymo Research, Irvine, CA) and NEB 5-alpha 
Electrocompetent E. coli (New England Biolabs, Ipswich, MA) were used for plasmid 
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amplification and library construction, respectively.  S. castellii strain was obtained 
from the ARS culture collection (NRRL number Y-12630) (Peoria, IL).  S. cerevisiae 
strains were cultivated in either synthetic dropout medium (0.17% Difco yeast 
nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate 
and 0.083% amino acid drop out mix, 0.01% adenine hemisulfate and 2% glucose) or 
YPAD medium (1% yeast extract, 2% peptone, 0.01% adenine hemisulfate and 2% 
glucose), with appropriate supplements (with 1.5% agar added for solid plates).  10% 
(v/v) filtered acetic acid (HAc) solution stock was added into the above medium to 
make stressed medium with indicated HAc concentrations.  Before mixing, both the 
medium and HAc stock were adjusted to pH = 4.5 by 10 mM sodium hydroxide.  S. 
cerevisiae strains were cultured at 30 °C and with 250 rpm agitation in baffled 
shake-flasks for aerobic growth, and at 30 °C and 100 rpm in un-baffled shake-flasks 
for fermentation.  E. coli strains were cultured at 37 °C and 250 rpm in Luria broth 
(LB) medium (Fisher Scientific, Pittsburgh, PA) with the supplement of 100 μg/mL 
ampicillin.  S. castellii strain was cultured in YPAD medium at 30 °C and 250 rpm.  
All chemicals were purchased through Sigma-Aldrich or Fisher Scientific. 
 
DNA manipulation 
Plasmid cloning was mostly done by In-fusion HD cloning Kit (Clontech 
Laboratories, Mountain View, CA) following the manufacturer’s instructions or by the 
DNA assembler method32.  The primers for polymerase chain reaction (PCR) were 
designed to incorporate 15 bp or 40 bp homologous regions at the ends of adjacent 
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DNA fragments.  For DNA manipulations, yeast plasmids were isolated using a 
Zymoprep II yeast plasmid isolation kit (Zymo Research, Irvine, CA) and transferred 
into E. coli for amplification.  QIAprep Spin Plasmid Mini-prep Kits (Qiagen, 
Valencia, CA) were employed to prepare plasmid DNA from E. coli.  Yeast genomic 
DNA was isolated by Wizard Genomic DNA Purification Kit (Promega, Madison, 
WI).  All enzymes used for recombinant DNA cloning were from New England 
Biolabs unless otherwise noted.  The products of PCR, digestion and ligation 
reactions were purified by QIAquick PCR Purification and Gel Extraction Kits 
(Qiagen, Valencia, CA).   
 
Construction of a yeast knockdown library and screening 
In the CAD strain, the standard LiAc/ssDNA/PEG protocol was used to transform 
20 μg RNAi library plasmids or the control plasmid pRS416-TTrc by heat shock.  
Twenty micro-gram of the library DNA was able to achieve a library size more than 
5×105 to ensure a nearly complete coverage (>99.92%, Table 2.1) of the yeast 
genome.  Following the transformation, the yeast cells were recovered in 1 mL 
YPAD medium for 4 hr, and then washed with ddH2O.  The yeast cells with either 
the RNAi library or the control plasmid were spread onto 15 mm diameter petri-dish 
plates of solid synthetic dropout medium (SC-U) containing 0.5% (v/v) HAc.  The 
amount of cells was adjusted so that each plate would form about 104 colonies without 
the HAc stress and about 103 colonies with the HAc stress.  The library plates and 
the control plates were incubated at 30 °C for 3~4 days.  Ninety-three colonies 
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whose sizes were bigger than the largest colonies on the control plates were picked 
from the library plates into SC-U medium.  The growth performances of the selected 
colonies and the control strain were compared in the presence of 0.5% (v/v) HAc.  
The initial OD600 for all the strains were adjusted to 0.2, and the growth was 
monitored at 4, 8, 12 and 24 hrs time intervals.  The RNAi plasmids from the top 
twenty-six strains whose growth behaviors were significantly better than the control 
strain were isolated and amplified by E. coli.  The selected plasmids were then 
individually re-transformed, of which four were able to retain the enhanced HAc 
tolerance in a fresh background with three biological replicates.  The four plasmids 
were sent for DNA sequencing analysis with the primers S TEF1p For and S TPI1p 
For.  The BLAST search was used to identify the sources of the inserts in the 
selected RNAi plasmids.   
 
Analysis of the newly discovered RNAi targets 
To gain a deeper understanding of the selected RNAi targets, both the designed 
RNAi and the deletion mutants were created and tested for HAc tolerance.  The 
designed RNAi plasmids were constructed by cloning a different region from each 
target transcript other than the selected plasmids into the pRS416-TTrc plasmid 
(Table 3.1).  The selected plasmids were named as pRS416-TTrc-gene name-Si, 
while the designed plasmids were named as pRS416-TTrc-gene name-Di.  To 
perform gene deletion, the open reading frames (ORF) of target genes were disrupted 
by inserting the LoxP-ura3-LoxP cassette which was PCR-amplified from plasmid 
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pUG72.  The primers were designed in such a way that the ura3 cassette was flanked 
by 40 bp sequences that were homologous to the upstream and downstream regions of 
the target ORFs.  The same procedure was used to knockout the nap1 and fps1 genes 
that were known to improve HAc tolerance in BY4741 strain.  The strains containing 
selected RNAi, designed RNAi, deletion and the control plasmid pRS416-TTrc were 
compared in parallel for the aerobic growth capacity in the presence of HAc stress.  
Three biological replicates of each strain were inoculated in 3 mL SC-U to grow until 
saturation.  Then 50 μL culture was used to inoculate 3 mL fresh SC-U to 
synchronize the growth phase.  After 20 hrs, the stationary-phase cells were 
transferred into 4 mL SC-U medium with 0.5% (v/v) HAc.  The amount of 
inoculation was adjusted so that the starting OD600 was 0.2.  The cell density was 
monitored at 4, 8, 12, 24 and 36 hr.  The normalized OD600 values with the control 
strain as the reference were used to evaluate the HAc tolerance.  The same procedure 
was used to assay the HAc tolerance unless specified otherwise. 
 
Second and third rounds of RAGE 
A similar screening procedure was employed in the subsequent rounds as in the 
first one.  For the second round, the four selected RNAi cassettes in the first round 
were subcloned into the multiple cloning site of pRS403 plasmid.  The resultant 
plasmids were linearized by NheI and integrated into the his3 locus of the CAD strain 
to construct the new parent strains CAD_rnt1i, CAD_ymr1i, CAD_ptc6i and 
CAD_ypk3i.  For the test run, the control plasmid and the four selected plasmids 
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from the first round were transformed into the new parent strains to create the 
engineered strains carrying the combinations of two RNAi cassettes.  The growth 
capacity of these strains under 0.5% (v/v) HAc stress was compared (Figure 4).  
Then the RNAi plasmid library was transformed into the new parent strains to 
perform the second round of RAGE.  The stress level of 0.6% (v/v) HAc was applied 
for the screening on the solid medium and the growth quantification in the liquid 
medium.  For the third round of screening, the RNAi cassette for ypr084w was 
subcloned into pRS404.  The resultant plasmid was linearized by MfeI and integrated 
into the trp1 locus of CAD_ptc6i to create CAD_ptc6i_ypr084wi, which was used as 
the new parent strain.  The stress level of 0.7% was applied for the screening on the 
solid medium and the growth quantification in the liquid medium.  The details about 
all the selected and designed RNAi cassettes can be found in Table 3.1. 
 
Characterization of engineered strains for HAc tolerance 
Biomass accumulation 
The engineered strains from the three rounds of RAGE, namely the R1, R2 and R3 
stains, together with the control strain, were tested for the biomass accumulation in 
the synthetic dropout medium SC-U containing 0, 0.5, 0.7, 0.9 and 1.0% (v/v) HAc.  
The genotypes of R1, R2 and R3 are CAD_ptc6i pRS416-TTrc, 
CAD_ptc6i_ypr084wi pRS416-TTrc, and CAD_ptc6i_ypr084wi pRS416-TTrc- 
tRNAVal(AAC)-Si, respectively.  Three biological replicates of each strain were 
inoculated in 3 mL SC-U to grow until saturation.  Then 50 μL culture was used to 
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inoculate 3 mL fresh SC-U to synchronize the growth phase.  After 20 hrs, the 
stationary-phase cells were transferred into three culture tubes containing 3 mL SC-U 
medium and varying concentrations of HAc.  The initial OD600 was adjusted to 0.01 
and 1 mL cell culture was taken periodically at 24, 48 and 72 hrs to measure the cell 
density.  The normalized OD600 values with the control strain as the reference were 
used to evaluate the HAc tolerance.  The same procedure was used to compare the 
R3 strain and the strains containing only one of the three RNAi cassettes from the R3 
strain. 
 
Fermentation and HPLC analysis 
The fermentation performance of the R3 strain and the control strain was 
compared.  Three biological replicates of each strain were inoculated in 3 mL SC-U 
medium in 15 mL round-bottom Falcon tubes to grow until saturation.  Then 1 mL 
culture was transferred into 20 mL SC-U medium in 125 mL baffled shake-flasks.  
The preparation of the seed culture was performed aerobically (30 °C and 250 rpm).  
After 20 hrs, the stationary-phase cells were transferred into 50 mL SC-U medium in 
un-baffled 250 mL shake-flasks.  The fermentation was carried out under an 
oxygen-limited condition (30 °C and 100 rpm).  Three levels of HAc stress were 
applied as 0%, 0.7% and 1.0% (v/v) in the synthetic dropout medium SC-U.  1 mL 
samples were taken at 0, 4, 8, 12, 24 and 48 hrs for the measurement of cell density 
and HPLC analysis.  Before being injected into the HPLC, the fermentation broth 
was filtered through a 0.45 μm membrane and diluted with ddH2O.  An HPX-87H 
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column (BioRad, Hercules, CA) coupled with a refractive index detector (Shimadzu 
Scientific Instruments, Columbia, MD) was used to separate and analyze the 
concentrations of glucose, ethanol, and acetate in the broth following the 
manufacturer’s instructions.  5 mM sulfuric acid aqueous solution was used as the 
mobile phase.  The HPLC chromatogram was analyzed using the LC solution 
Software (Shimadzu, Columbia, MD).   
 
Estimation of the gene knockdown efficiency 
By knocking-in the GFP gene as a carboxy-terminal fusion reporter, it is possible 
to quantify the expression levels of the target proteins.  All the primers and the 
process to create a perfect in-frame GFP fusion protein were reported elsewhere 19.  
We measured the knockdown efficiency for the four target genes found in the first 
round of RAGE.  In the CAD strain, the GFP_His3MX6 cassette was inserted at the 
C-terminal end of the coding regions of the target genes.  The correct insertion was 
confirmed by colony diagnostic PCR.  The resultant strains were transformed with 
the designed or selected RNAi plasmids of the corresponding genes.  The GFP 
fluorescence of the strains carrying the control plasmid pRS416-TTrc was used as the 
100% reference.  The cells were cultured aerobically in SC-His/Ura and subjected to 
the flow cytometry analysis in their log-phase.    
To determine the knockdown efficiency of the other two RNAi cassettes (ypr084w 
and tRNAVal(AAC)) identified in the second and third round of screening, a 
semi-quantification assay was employed to measure the level of target RNA 
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molecules31.  The total RNAs from the R3 strain and the control strain were isolated 
using the RNeasy mini kit (QIAGEN, Valencia, CA).  The cDNA synthesis was 
performed by the Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, 
IN).  In each reverse-transcription reaction for a certain gene, 5 μg of the RNA was 
used as template, and the gene-specific primers for the target gene and the internal 
control gene act1 were added in the same reaction.  For the control samples, only the 
reverse-transcriptase was omitted.  The primers for the cDNA synthesis were named 
as gene-name-cDNA Rev.  For the PCR reactions, 1 μL of the RT-reaction was added 
to a 100 μL reaction.  The primers were named as gene-name-RT-PCR For/Rev.  
The PCR reaction was dispensed as 20 μL aliquots and run for the indicated numbers 
of cycles (16, 20 and 24 for act1, 20, 24 and 28 for ptc6 and ypr084w).  Then 4 μL 
6X loading dye was mixed with the PCR reaction, and 6 μL of the mixture was loaded 
onto 1.5% agarose gel for ethidium bromide staining and UV visualization.   
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3.5. Figures and tables 
 
Figure 3.1. RNAi-assisted genome evolution enables rapid cellular 
reprogramming through iterative rounds of RNAi library creation and high 
throughput screening or selection.  The creation of the pooled RNAi library only 
requires a simple step of transformation.  The ease of library construction enables 
repeated rounds of screening in an evolving genetic background, which accumulates 
the beneficial modifications identified from the previous rounds of screening. 
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Figure 3.2. Knockdown targets identified by RNAi screening for improved HAc 
tolerance.  (A) Comparison of growth capacity in the presence of 0.5% (v/v) HAc in 
synthetic dropout medium (pH = 4.5).  The initial OD600 was 0.2, and the cell density 
after growing for 12 hrs was normalized to the CAD strain containing the control 
plasmid.  (B) Estimation of knockdown efficiency where the expression levels of 
target proteins were quantified by the GFP tag.  The 100% reference of GFP signal 
was defined as the strains with the control plasmid for each target gene respectively.  
Reduction of GFP fluorescence was reported as 1-(RNAi strain fluorescence/ Control 
strain fluorescence).  Si: selected RNAi constructs; Di: designed RNAi constructs; 
k/o: knockout; C: control plasmid pRS416-TTrc. 
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Figure 3.3. Reduced HAc tolerance of mutant strains Δnap1 and Δfps1 in 
CEN.PK2-1c background.  The strains were cultured aerobically in SC-U medium 
containing 0.5% (v/v) HAc.  The initial OD600 was 0.2, and the cell density after 
growing for 12 hrs was normalized to the CAD strain containing the control plasmid.   
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Figure 3.4. HAc tolerance of strains with combinations of RNAi cassettes.  The 
strains were cultured aerobically in SC-U medium containing 0.5% (v/v) HAc.  The 
initial OD600 was 0.2, and the cell density after growing for 12 hrs was normalized to 
the CAD strain containing the control plasmid.  The names of the strains are denoted 
by two letters.  The first letter indicates the integrated cassette, while the second 
letter indicates the RNAi cassette on the plasmid.  A:A12, or rnt1_Si, D:D11, or 
ymr1_Si, F:F6, or ptc6_Si, H:H6, or ypk3_Si, N: no integration (the first letter) or the 
control plasmid pRS416-TTrc (the second letter) 
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Figure 3.5. Yeast strains engineered by RAGE showing improved growth yields 
under HAc stress.  (A) Growth capacity of the yeast strains identified from three 
rounds of RAGE with different levels of HAc in synthetic dropout medium (pH = 4.5).  
The initial OD600 was 0.01, and the cell density was measured after growing for 24 hrs 
(0%, 0.5% and 0.7% (v/v)) or 48 hrs (0.9% and 1.0%).  No cell growth was observed 
for the 1.0% (v/v) HAc group after 72 hrs.  Fold improvements were compared to 
the CAD strain containing the control plasmid.  (B) Contribution of individual 
knockdown modification from the R3 strain to the enhanced HAc tolerance.  
Plasmids harboring the selected RNAi cassettes for ptc6, ypr084w and tRNAVal(AAC) 
were transformed into the CAD strain to achieve individual gene silencing.  The 
same growth condition was employed as in (A) except that only two HAc 
concentrations (0.5% and 0.7%) were tested.  C: the CAD strain harboring the 
control plasmid pRS416-TTrc; R1-R3: the best selected strain from the first, second 
and third round of RAGE, respectively. 
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Figure 3.6. Fermentation profiles of the engineered and wild-type yeast strains.  
Cells were cultured in biological replicates in the SC-U medium containing 20 g/L 
glucose and 0% (A, B), 0.7% (C, D) and 1% (E, F) HAc (v/v).  The initial OD600 
was adjusted to 1.  Oxygen-limited condition was employed with un-baffled shake 
flasks and 100 rpm agitation.  Biomass accumulation was monitored by optical 
density (A, C, E).  The concentrations of glucose, acetate and ethanol were 
measured by HPLC (B, D, F). 
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Figure 3.7. Semi-quantification of mRNA levels.  RT-PCR products with 
increasing cycles of amplification were loaded onto 1.5% agarose gel and stained by 
ethidium bromide.  Cycle number:  X=20 for the act1 gene, and X=24 for the ptc6 
and ypr084w genes.  No RT-PCR product was detected in control samples or for 
tRNAVal(AAC) after 32 cycle. 
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Table 3.1.  Summary of the selected and designed RNAi cassettes 
 
Name Number of fragments per inserts 
Size 
(bp) Mapped to the target gene 
Based on CAD 
A12 (rnt1_Si) 1 152 rnt1 991-840/1416* 
D11 (ymr1_Si) 1 119 ymr1 265-147/2067 
F6 (ptc6_Si) 1 79 ptc6 649-571/1329 
H6 (ypk3_Si) 1 1017 ypk3 -79-937/1578 
rnt1_Di 1 180 rnt1 457-636/1416 
ymr1_Di 1 180 ymr1 1631-1810/2067 
ptc6_Di 1 180 ptc6 721-900/1329 
ypk3_Di 1 180 ypk3 471-650/1578 
Based on CAD_ymr1i 
D11_#9 1 142 sec7 3677-3536/6030 
Based on CAD_ptc6i 
F6_#19 1 198 ypr084w 365-168/1371 
F6_#23 1 103 afg3 2286-2236/2286 
Based on CAD_ptc6i_ypr084wi 
F6_#19_#18 1 61 rgd1 1342-1282/2001 
F6_#19_#27 1 72 XIII** 586652-586580/924431, 
including part of the 
tRNAVal(AAC) 
 
* For the genes, A-B/X indicated that the RNAi insert corresponds to the A-B bp 
region of the gene’s ORF, whose length is X bp.   
** If the fragment is not from an ORF, the location is denoted as a reference to the 
chromosome. 
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Table 3.2 Gene functions of the knockdown targets identified by RAGE.  
 
Gene Description (www.yeastgenome.com) 
rnt1 Nuclear dsRNA-specific ribonuclease (RNase III); involved in 
rDNA transcription, rRNA processing and U2 snRNA 3' end 
formation by cleavage of a stem-loop structure at the 3' end of 
U2 snRNA; involved in polyadenylation-independent 
transcription termination; involved in the cell wall stress 
response, regulating the degradation of cell wall integrity and 
morphogenesis checkpoint genes 
ymr1 Phosphatidylinositol 3-phosphate (PI3P) phosphatase; involved 
in various protein sorting pathways, including CVT targeting 
and endosome to vacuole transport; has similarity to the 
conserved myotubularin dual specificity phosphatase family 
ptc6 Mitochondrial type 2C protein phosphatase (PP2C) with 
similarity to mammalian PP1Ks; involved in mitophagy; null 
mutant is sensitive to rapamycin and has decreased 
phosphorylation of the Pda1 subunit of pyruvate dehydrogenase 
ypk3 An AGC kinase phosphorylated by cAMP-dependent protein 
kinase (PKA) in a TORC1-dependent manner 
sec7 Guanine nucleotide exchange factor (GEF) for ADP ribosylation 
factors involved in proliferation of the Golgi, intra-Golgi 
transport and ER-to-Golgi transport; found in the cytoplasm and 
on Golgi-associated coated vesicles 
ypr084w Putative protein of unknown function 
afg3 Component, with Yta12p, of the mitochondrial inner membrane 
m-AAA protease; mediates degradation of misfolded or 
unassembled proteins and is also required for correct assembly 
of mitochondrial enzyme complexes; involved in cytoplasmic 
mRNA translation and aging 
rgd1 GTPase-activating protein (RhoGAP) for Rho3p and Rho4p, 
possibly involved in control of actin cytoskeleton organization 
tRNAVal(AAC) tV(AAC)M3, Valine tRNA (tRNA-Val), predicted by 
tRNAscan-SE analysis 
 
 
 
  
68 
 
3.6. References 
1. Gancedo, J.M. & Gancedo, C. Catabolite repression mutants of yeast. FEMS 
Microbiol. Lett. 32, 179-187 (1986). 
2. van Maris, A.J. et al. Alcoholic fermentation of carbon sources in biomass 
hydrolysates by Saccharomyces cerevisiae: current status. Antonie Van 
Leeuwenhoek 90, 391-418 (2006). 
3. Almeida, J.R.M. et al. Increased tolerance and conversion of inhibitors in 
lignocellulosic hydrolysates by Saccharomyces cerevisiae. J. Chem. Technol. 
Biotechnol. 82, 340-349 (2007). 
4. Mira, N.P., Palma, M., Guerreiro, J.F. & Sa-Correia, I. Genome-wide 
identification of Saccharomyces cerevisiae genes required for tolerance to 
acetic acid. Microb. Cell. Fact. 9 (2010). 
5. Graves, T., Narendranath, N.V., Dawson, K. & Power, R. Effect of pH and 
lactic or acetic acid on ethanol productivity by Saccharomyces cerevisiae in 
corn mash. J Ind Microbiol Biotechnol 33, 469-474 (2006). 
6. Rasmussen, J.E., Schultz, E., Snyder, R.E., Jones, R.S. & Smith, C.R. Acetic 
acid as a causative agent in producing stuckfermentations. Am. J. Enol. Vitic. 
46, 278-280 (1995). 
7. Garay-Arroyo, A. et al. Response to different environmental stress conditions 
of industrial and laboratory Saccharomyces cerevisiae strains. Appl. Microbiol. 
Biotechnol. 63, 734-741 (2004). 
8. Guldfeldt, L.U. & Arneborg, N. Measurement of the effects of acetic acid and 
extracellular pH on intracellular pH of nonfermenting, individual 
Saccharomyces cerevisiae cells by fluorescence microscopy. Appl. Environ. 
Microbiol. 64, 530-534 (1998). 
9. Carmelo, V., Santos, H. & Sa-Correia, I. Effect of extracellular acidification on 
the activity of plasma membrane ATPase and on the cytosolic and vacuolar pH 
of Saccharomyces cerevisiae. Biochim. Biophys. Acta. 1325, 63-70 (1997). 
69 
 
10. Pampulha, M.E. & Loureiro-Dias, M.C. Activity of glycolytic enzymes of 
Saccharomyces cerevisiae in the presence of acetic acid. Appl. Microbiol. 
Biotechnol. 34, 375-380 (1990). 
11. Pampulha, M.E. & Loureiro-Dias, M.C. Energetics of the effect of acetic acid 
on growth of Saccharomyces cerevisiae. FEMS Microbiol. Lett. 184, 69-72 
(2000). 
12. Mira, N.P., Teixeira, M.C. & Sa-Correia, I. Adaptive response and tolerance to 
weak acids in Saccharomyces cerevisiae: a genome-wide view. Omics: J. 
Integr. Biol. 14, 525-540 (2010). 
13. Kotyk, A. & Georghiou, G. Protonmotive force in yeasts--pH, buffer and 
species dependence. Biochem. Int. 24, 641-647 (1991). 
14. Fraser, A.G. et al. Functional genomic analysis of C. elegans chromosome I by 
systematic RNA interference. Nature 408, 325-330 (2000). 
15. Paddison, P.J. et al. A resource for large-scale RNA-interference-based screens 
in mammals. Nature 428, 427-431 (2004). 
16. Berns, K. et al. A large-scale RNAi screen in human cells identifies new 
components of the p53 pathway. Nature 428, 431-437 (2004). 
17. Silva, J.M. et al. Second-generation shRNA libraries covering the mouse and 
human genomes. Nat. Genet. 37, 1281-1288 (2005). 
18. Jackson, A.L. et al. Expression profiling reveals off-target gene regulation by 
RNAi. Nature biotechnology 21, 635-637 (2003). 
19. Huh, W.K. et al. Global analysis of protein localization in budding yeast. 
Nature 425, 686-691 (2003). 
20. Mira, N.P., Palma, M., Guerreiro, J.F. & Sa-Correia, I. Genome-wide 
identification of Saccharomyces cerevisiae genes required for tolerance to 
acetic acid. Microb. Cell. Fact. 9, 79 (2010). 
21. Kawahata, M., Masaki, K., Fujii, T. & Iefuji, H. Yeast genes involved in 
response to lactic acid and acetic acid: acidic conditions caused by the organic 
acids in Saccharomyces cerevisiae cultures induce expression of intracellular 
70 
 
metal metabolism genes regulated by Aft1p. FEMS Yeast Res. 6, 924-936 
(2006). 
22. Keck, K.M. & Pemberton, L.F. Interaction with the histone chaperone Vps75 
promotes nuclear localization and HAT activity of Rtt109 in vivo. Traffic 12, 
826-839 (2011). 
23. Mollapour, M. & Piper, P.W. Hog1 Mitogen-activated protein kinase 
phosphorylation targets the yeast Fps1 aquaglyceroporin for endocytosis, 
thereby rendering cells resistant to acetic acid. Mol. Cell. Biol. 27, 6446-6456 
(2007). 
24. Almeida, B. et al. Yeast protein expression profile during acetic acid-induced 
apoptosis indicates causal involvement of the TOR pathway. Proteomics 9, 
720-732 (2009). 
25. Catala, M., Aksouh, L. & Abou Elela, S. RNA-dependent regulation of the cell 
wall stress response. Nucl. Acids Res. 40, 7507-7517 (2012). 
26. Schmelzle, T., Helliwell, S.B. & Hall, M.N. Yeast Protein kinases and the 
RHO1 exchange factor TUS1 are novel components of the cell integrity 
pathway in yeast. Mol. Cell. Biol. 22, 1329-1339 (2002). 
27. Costanzo, M. et al. The genetic landscape of a cell. Science 327, 425-431 
(2010). 
28. Chan, C.T.Y. et al. Reprogramming of tRNA modifications controls the 
oxidative stress response by codon-biased translation of proteins. Nat. 
Commun. 3, 937 (2012). 
29. Preston, M.A., D’Silva, S., Kon, Y. & Phizicky, E.M. tRNAHis 
5-methylcytidine levels increase in response to several growth arrest 
conditions in Saccharomyces cerevisiae. RNA 19, 1-14 (2012). 
30. Guerreiro, J.F., Mira, N.P. & Sá-Correia, I. Adaptive response to acetic acid in 
the highly resistant yeast species Zygosaccharomyces bailii revealed by 
quantitative proteomics. Proteomics 12, 2303-2318 (2012). 
31. Drinnenberg, I.A. et al. RNAi in Budding Yeast. Science 326, 544-550 (2009). 
71 
 
32. Shao, Z., Zhao, H. & Zhao, H. DNA assembler, an in vivo genetic method for 
rapid construction of biochemical pathways. Nucl. Acids Res. 37, e16 (2009). 
 
